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ABSTRACT We report the cDNA cloning of SREBP-2, the
second member of a family of basic-helix-Jloop-helix—leucine
zipper (hHLH-Zip) transcription factors that recognize sterol
regulatory element 1 (SRE-1). SRE-1, a conditional enhancer
in the promoters for the low density lipoprotein receptor and
3-hydroxy-3-methylglutaryl-coenzyme A synthase genes, in-
creases transcription in the absence of sterols and is inactivated
when sterols accumulate. Human SREBP-2 contains 1141
amino acids and is 47 % identical to human SREBP-1a, the first
recognized member of this family. The resemblance includes an
acidic NH; terminus, a highly conserved bHLH-Zip motif (71%
identical), and an unusually long extension of 740 amino acids
on the COOH-terminal side of the bHLH-Zip region. SREBP-2
possesses one feature lacking in SREBP-1a—namely, a glu-
tamine-rich region (27% glutamine over 121 residues). In vitro
SREBP-2 bound SRE-1 with the same specificity as SREBP-1a.
In vivo it mimicked SREBP-1a in activating transcription of
reporter genes containing SRE-1. As with SREBP-1a, activa-
tion by SREBP-2 occurred in the absence and presence of
sterols, abolishing regulation. Cotransfection of low amounts of
PSREBP-1a and pSREBP-2 into human embryonic kidney 293
cells stimulated transcription of promoters containing SRE-1 in
an additive fashion. At high levels transcription reached a
maximum, and the effects were no longer additive. The reason
for the existence of two SREBPs and the mechanism by which
they are regulated by sterols remain to be determined.

A 10-base-pair (bp) element in the 5’ flanking region confers
sterol sensitivity upon the genes encoding the low density
lipoprotein (LDL) receptor and 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) synthase. This element, sterol
regulatory element 1 (SRE-1), enhances transcription when
cells are depleted of sterols, and loses its activity when
sterols accumulate (1, 2). This feedback mechanism allows
cells to satisfy their cholesterol requirement from receptor-
mediated uptake of plasma lipoproteins and from endogenous
synthesis, while preventing sterol overaccumulation during
periods of reduced demand (3).

In recent studies a group of SRE-1-binding proteins
(SREBPs) were isolated by DNA affinity chromatography from
nuclear extracts of human HeLa cells (2, 4). Upon SDS/
polyacrylamide gel electrophoresis, the proteins clustered in the
range 59-68 kDa. The specificity of DNA binding was con-
firmed by the demonstration that binding correlated with tran-
scriptional activity in a series of 16 point mutants in the SRE-1
and surrounding sequences. Each of the proteins bound to the
7 point mutants that were transcribed in vivo, but they failed to
bind to 9 point mutants that were not transcribed (2, 4).
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Sequences of six peptides were obtained from a mixed
preparation of SREBPs, and a cDNA that encoded a protein
containing five of the peptides was isolated (5). The protein,
designated SREBP-1, is a member of the basic-helix-loop—
helix-leucine zipper (bHLH-Zip) family of transcription fac-
tors. SREBP-1 and its bHLH-Zip domain were produced by
recombinant methods and shown to bind SRE-1 with perfect
specificity as defined by the 16 point mutants (5). A cDNA
encoding SREBP-1a activated transcription of reporter genes
containing the SRE-1 when introduced into simian CV-1 cells
or human embryonic kidney 293 cells by cotransfection.
Surprisingly, SREBP-1a activated transcription in sterol-
loaded cells as well as in sterol-depleted cells, thus abolishing
sterol suppression (5).

The SREBP-la mRNA encodes a protein of 1147 amino
acids (M; 121,666), which is much larger than the proteins
purified from nuclear extracts (5). All of the sequenced
peptides came from the NH,-terminal half of the molecule,
which contains the bHLH-Zip domain, suggesting that pro-
teolysis had removed the COOH-terminal half of the purified
protein. Cloning of multiple cDNAs for SREBP-1 revealed
evidence of alternative splicing, which produces different
sequences at the extreme NH, and COOH termini of the
protein. The isoform that was considered most representative
was designated SREBP-la. This protein has a cluster of
acidic amino acids at the NH, terminus, which is likely to be
the transcriptional activation domain.

In the current experiments we isolated a cDNA encoding
a protein that contains the single peptide that was not found
in SREBP-1. This new protein, designated SREBP-2, con-
tains 1141 amino acids, shows 47% identity to SREBP-1a, and
shares the bHLH-Zip motif, the acidic NH,-terminal domain,
and the long COOH terminus. SREBP-2 shows the same
specificity for binding SRE-1 as does SREBP-1, and it also
activates transcription driven by promoters that contain
SRE-1. Activation occurs in the presence and absence of
sterols, abolishing sterol suppression. Thus, HeLa cells have
two closely related bHLH-Zip transcription factors, each of
which can activate promoters containing an SRE-1 sequence.

EXPERIMENTAL PROCEDURES

Standard molecular biology techniques were used (6). DNA
sequencing was performed by the dideoxy chain-termination

Abbreviations: bHLH-Zip, basic-helix-loop-helix-leucine zipper;
HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; LDL, low
density lipoprotein; SRE-1, sterol regulatory element 1; SREBP,
SRE-1-binding proteins; CAT, chloramphenicol acetyltransferase;
CMYV, cytomegalovirus.

*Present address: Ligand Pharmaceuticals, Inc., La Jolla, CA 92121.
1The sequence of pPSREBP-2 reported in this paper has been depos-
ited in the GenBank data base (accession no. U02031). The se-
quence of pSREBP-1a was reported previously (5) (accession no.
U00968).
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method manually or on an Applied Biosystems model 373A
DNA sequencer. Blot hybridization of RNA was performed
as described (5) except that three end-labeled oligonucleo-
tides corresponding to nucleotides 598-651, 1357-1410, and
2146-2196 of human pSREBP-2 were used as probes. An
antibody directed against SREBP-2 was produced by immu-
nizing rabbits (5) with a synthetic peptide, (C)SFTQVTLPS-
FSPS, corresponding to amino acids 91-103 in SREBP-2 (see
Fig. 1). Immunoblot analysis was performed (5) with the ECL
Western blotting detection kit (Amersham). Gel mobility-
shift assays were carried out with a PCR-generated 32P-
labeled DNA probe containing two copies of wild-type or
mutant repeat 2 + 3 elements of the LDL receptor promoter
(4, 5). Reporter chloramphenicol acetyltransferase (CAT)
genes are described by Yokoyama et al. (5).

¢DNA Cloning of Human SREBP-2. To obtain a cDNA probe
corresponding to peptide 4 of purified SREBP (SFTQVTLPS-
FSPSAASPQA) (5), we synthesized four pools of degenerate
oligonucleotides comprising 5’-TT(T/C)ACICA(A/G)GT(T/
A/G/C)AC(T/A/G/CXT/C)T-3’ based on the NH; terminus
of the peptide and three pools of degenerate oligonucleotides

Proc. Natl. Acad. Sci. USA 90 (1993)

comprising 5'-GC(T/C)TGIGG(T/A/G/C)G/C)A/T(T/A/
G/C)GC-3’ based on the COOH terminus of the peptide. The
12 primer pairs were used in all combinations in a two-step
PCR (94°C/50°C) to amplify template DNA purified from a
HeLa Agtl0 cDNA library (Clontech). One primer pair, 5'-
TT(T/C)ACICA(A/G)GT(C/G)AC(T/AXT/C)T-3' and 5'-
GC(T/CO)TGIGG(A/T/G/C)GA(G/C)GC-3', yielded a 53-bp
insert that was subsequently isolated from a polyacrylamide
gel, reamplified, and subcloned into the pCRII vector in a TA
cloning kit (Invitrogen). The translated nucleotide sequence
matched peptide 4. Two partially overlapping pairs of oligo-
nucleotides based on the 53-bp insert sequence (5’'-
GGTCACATTACCTTCCTTCTC-3'/5'-TTCCTTCTCTC-
CCTCGGC-3’, and 5'-GGAGGCCGCCGAGGGAG-3'/5'-
CGAGGGAGAGAAGGAAGGTA-3') were used together
with forward and reverse primers of Agtl0 (New England
Biolabs) in an anchored PCR (5) performed with a ‘‘touch-
down” program (7) to amplify the adjacent sequences of the
insert from the HeLa Agt10 cDNA library. Fragments of 168
and 348 bp were amplified from the 5’ and 3’ ends of the insert,
respectively. The two amplified fragments were 32P-labeled by

SREBP-2  MDDS..GELGGLETMETLTELGDELTLGDIDEMLQFVSNQVGEFPDLFSEQLCSSFPGSGGSGSSSGSSGSSSSSSNGRGSSSGAVDPSVORSFTQVTLE 98
SREBP-la --EPPFS-AALEQALGEPCD-DAA-.-T--ED---LIN--DSD--G--DPPYAG-GA-GTDPA-PDT--PG-L-PPPATL---..LEAFL..-GP-AAPS 95
SREBP-2  SpSpSAASPQA. : . . PTLQVKVSPTSVPTTPRATPILQPRPQPQPQPQTQLQQQ . TVMITPTFSTTPQTRI IQQPLIYQNAATSFQVLQP . QVQSLVTSS 192
SREBP-la  p[,-_pQPAPTPLKMY - SMPAFSPGPGIKEESVPLS---T. -T---L-GAL-P-SFPAPAP-Q--S--VLGYPSP-GGFSTGSPPGNTQ--LPGLP-ASPP 194
SREBP-2  QVQPVTIQQQVQTVQAQRVLTQTANGTLQTLAPATVQTVAAPQVQQVPVLVQPQI IKTDSLVLTTLKTDGSPVMAAVQONPALTALTTPIQTAALQVPTLY 292
SREBP-la  G-P--SLHT---SVVP-QL--V--AP-..... A-P-T-TVTS-I------ L--HF--A---L--AM----AT-K--GLS-LVSG. .-TV--GP-..---- 285
SREBP-2  GSSGTILTTMPVMMGQEKVPIKQVPGGVKQLEPPKE .GERRTTHNIIEKRYRSSINDKIIELKDLVMGTDAKMHKSGVLRKAIDY IKYLQQVNHKLRQEN 391
SREBP-la  .-G----A-V-LVVDA--L--NRLAA-S-APASAQSR--K--A--A--===-=====-=-=-~--- V--E--LN--A-----=---- RF--HSNQ--K--- 384
SREBP-2 MVLKLANQKNKLLKG IDLGSLVDNEVDLK IEDFNQNVL . LASPPASDSGSQAGFSPYSI. ... ........ DSEPGSPLLDDAKVKDEPDSPPVALGMVD 478
SREBP-la  LS-RT-VH-S-S--DLVSACGSGGNT-VLM-GVKTE-EDTLT--P--A--PFQS--L-LGSRGSGSGGSGS----D--VFE-S-A-P-QRPSLHSR--L- 484
SREBP-2 RSRILLCVLTFLCLSFNPLTSLL . QWGGAHDSDQHP . HSGSGRSVLSFES . GSGGWF DWMMPTLLLWLVNGVIVLSVFVKLLVHGEPVIRPHSRSSVTFW 575
SREBP-1la --LA--T V----- C---A---GAR-LPSP--TTSVYHSP--N--GT--RDGP--AQ-LL-P.VV--L--LL--VSL-L-F-Y----T----GPA-Y-- 583
SREBP-2  RHRKQADLDLARGDFAAAAANLQTCLAVLGRALPTSRLDLACSLSWNVIRYSLQKLRLVRWLLKKVFQCRRATPATEAGFEDEAKTSARDAALAYHRLHQ 675
SREBP-1a =~====-===m==m=n- Q--QQ-WLA-RA---P----H==-===- L--L--HL--R-WVG---..... AG-AGGLQQDCALRVD-SAS- -~~~ V:i-K--- 678
SREBP-2  LHITGKLPAGSACSDVHMALCAVNLAECAEEKIPPSTLVEIHLTAAMGLKTRCGGKLGFLASYFLSRAQSLCGPEHSAVPDSLRWLCHPLGQKFFMERSW 775
SREBP-la  --TM--HTG-HLTA.TNL--S-L------ GDAVSVA--A--YVA--LRV--SLPRA-H--TRF---S-RQA-LAQSGS - -PAMQ- - - - - V-HR--VDGD- 777
SREBP-2  SVKSAAKESLYCAQRNPADPIAQVHQAFCKNLLERAIESLVKPQAKKKAGDQEEESCEFSSALEYLKLLHSFVDSVGVMSPPLSRSSVLKSALGPDIICR 875
SREBP-la --L-TPW----SLAG--V--L---T-L-REH-----~ LNCVTQ-NPSPGSA-GDK. . . ---D--G--Q--N-CS-AA-APAYSF-I--SMATTT-V-PVAK 874
SREBP-2  WWTSAITVAISWLQGDDAAVRSHFTKVERIPKALEVTESPLVKAIFHACRAMHASLP . GKADGQQSSFCHCERASGHLWSSLNVSGGTSDPALNHVVQLL 974
SREBP-la  --A-LTA-V-H--RR-EE-AERLCPL--HL-RV-QES-R--PR-AL-SFK-AR-L-GCA--ESGPA-LTI--K---Y-QD--ATTPAS-..SIDKA---F 972
SREBP-2  TCDLLLSLRTALWQKQ. . ... ASASQAVGETYHASGAELAGFQRDLGSLRRLAHSFRPAYRKVFLHEATVRLMAGGSPTRTHQLLEHSLRRRTTQSTKHG 1069
SREBP-la L----- VV--S--RQ-QPPAP-P-A-GTSSRPQ--AL--R------ S---mm- Q----- M-R------- A----- Ammmmmmm DR----- AGPGG-G- 1072
SREBP-2 . . .EVDAWPGQRERATAILLACRHLPLSFLSSPGQRAVLLAEAARTLEKVGDRRSCNDCQQMIVKLGGGTAIAAS 1141

SREBP-la AVA-LEPR-TR--H-E-L---SCY--PG---A----VGM-----=-=-- L----LLH----- LMR----- TVTS- 1147
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Comparison of the amino acid sequences and domain structures of human SREBP-2 and SREBP-1a. (Top) Dashes denote residues

in SREBP-1a that are identical to SREBP-2. The overline denotes the bHLH-Zip region. (Middle) Comparison of the bHLH region of SREBP-2
and -1a with the consensus sequence of other bHLH proteins (10, 11). Asterisks denote amino acids in Max that contact specific nucleotides
in its recognition sequence as determined by x-ray crystallography (10). (Bottom) Domain structure of SREBP-2 and -la with numbers
corresponding to the amino acid residues (5). The bHLH region is denoted by the black box, the leucine zipper region by the hatched box, and
the COOH-terminal domain by the stippled box. Regions rich in particular amino acids are indicated. The percent identities in the three most

homologous regions are indicated.
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the random primer method and used to screen a HeLa AEXlox
c¢DNA library (5). Eleven positive clones were obtained from
4.2 x 10° plaques. One 4.2-kb clone, pXH-4, was sequenced
on both strands. To screen for longer cDNAs, we generated a
PCR fragment corresponding to the 5’-most 258 bp of pXH-4.
This 258-bp fragment was 32P-labeled by the random primer
method and used to screen 5.2 X 10° plaques from the HeLa
AEXlox cDNA library. Twenty positive clones were obtained.
The longest clone, pXH-11, was =5.2 kb long. It did not
extend past the 5’ end of pXH-4. Rather, it extended further
in the 3’ direction. The 3’ untranslated region of pXH-11 (1.1
kb) was sequenced on both strands.

Transfection and CAT Assays. An expression vector for
SREBP-2, designated pSREBP-2, was constructed by clon-
ing the 4.2-kb Sal I insert from pXH-4 into the Sal I site of
pCMV7 (8). Monolayers of human embryonic kidney 293
cells were cotransfected with 0-0.6 ug of pSREBP-la or
pSREBP-2, 0.3 ug of pVA, and 1 ug of the indicated reporter
CAT gene as described (5). The total amount of cDNA was
adjusted to 3 ug by addition of pCMV7 (vector control) and
salmon sperm DNA. After 2 days the cells were harvested
and CAT activity was measured by the xylene extraction
method (2). Protein content was measured by the method of
Bradford (9).

Production of Recombinant bHLH-Zip Domain of SREBP-2.
The nucleotide sequence corresponding to amino acids 48—
403 of SREBP-2 was amplified by PCR, subcloned between
the BamHI and HindIII sites of a pQE-30 vector (containing
six consecutive histidines after the initiator methionine)
(Qiagen, Chatsworth, CA), and expressed in Escherichia coli
as described (5). The resulting fusion protein was purified by
Ni2*-Sepharose affinity chromatography (5).

RESULTS

We previously reported the sequence of six peptides obtained
from a mixture of SREBPs isolated from HeLa cells (5). DNA
sequences encoding five of the six peptides were found in
SREBP-1 (5). Using a strategy based on sequential PCR
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FiG. 2. Human SREBP-2. (A) Tissue distribution of mRNA.
32p-labeled oligonucleotide probes were hybridized to poly(A)*
RNA [2 ug per lane (Left and Right) or 2.5 ug per lane (Middle)] from
the indicated human adult (Left and Middle) or fetal (Right) tissue.
The filters were exposed to Kodak XAR-5 film with an intensifying
screen at —70°C for 16 hr. The same filters were subsequently
hybridized with a rat glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) probe and exposed for 2 hr. (B) Immunoblot analysis in
transfected 293 cells. A cDNA encoding human SREBP-2 driven by
the CMV promoter was introduced into human embryonic kidney 293
cells by transfection. After 40 hr in medium containing 10% fetal
bovine serum, cell extracts were subjected to SDS/7.5% polyacryl-
amide gel electrophoresis, transferred to nitrocellulose filters, and
incubated with rabbit anti-SREBP-2 IgG (5 ug/ml), followed by
anti-rabbit IgG conjugated to horseradish peroxidase (ECL Western
kit, Amersham). The filter was exposed to Kodak XAR-S5 film for §
sec at room temperature. The positions of prestained molecular size
markers are indicated. Left lane, 10 ug of protein from cells trans-
fected with 3 ug of pPCMV7 (control); right lane, 5 ug of protein from
cells transfected with 3 ug of pSREBP-2.
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applied to a HeLa cell cDNA library, we isolated a cDNA
encoding the single peptide (peptide 4) that was missing from
SREBP-1 (see Experimental Procedures). The longest of the
initial clones, pXH-4, was 4.2 kb long (nucleotides 1-4249)
and encoded a protein of 1141 amino acids. This cDNA had
a putative 5’ untranslated region of 117 bp; it lacked a
terminator codon upstream of the first in-frame methionine.
To make certain that the first methionine was indeed the
initiator, we rescreened the library by using a probe corre-
sponding to the 5’ end of pXH-4. The longest clone isolated
(pXH-11) was 5.2 kb long and did not encode additional 5’
sequence (nucleotides 88-5197). Rather, it extended further
in the 3’ direction, terminating in a poly(A) tract.

An expressible cDNA was constructed from pXH-4. The
sequence of this cDNA, designated pSREBP-2, includes a 5’
untranslated region of 117 bp, an open reading frame of 3423
bp, and a 3’ untranslated region of 706 bp. We believe that
pXH-11 represents a full-length cDNA because its length
corresponds to the longest mRNA detected on Northern blots
(see below) and because the initiator methionine occurs in a
position corresponding to the initiator methionine in
SREBP-1a (see Fig. 1). SREBP-2 contains 1141 amino acids.
Residues 91-109 correspond exactly to the sequence of
peptide 4 derived from the purified SREBP preparation.

Fig. 1 compares the amino acid sequences and domain
maps of SREBP-1a and SREBP-2. The two proteins share
47% of their amino acids in common, and the identities
extend throughout the proteins. In the bHLH-Zip region the
proteins are 71% identical, and SREBP-2 shares all of the
important amino acids that form the bHLH-Zip consensus.
SREBP-2 also shares the histidine, glutamic, and arginine
residues (asterisks in Fig. 1) that are found in SREBP-1 (5)
and that have been implicated in DNA recognition by Max,
another bHLH-ZIP protein (10). Both proteins have a pair of
negative residues immediately following the initiator methi-
onine. Although the NH,-terminal ends of the two proteins
are only 33% identical, they share an extremely acidic
character. The NH,-terminal 51 amino acids of SREBP-2
include 14 negative residues (27%). The first basic amino acid
(an arginine) does not occur until position 77. This is similar
to the situation with SREBP-1a, in which the first basic
residue occurs at position 108 (5). The acidic region’ of
SREBP-2 is followed by a region in which serine, proline, and
glycine comprise 60% of the residues. The corresponding
region of SREBP-1a is also rich in proline and serine, but not
in glycine. SREBP-2 contains one feature not present in
SREBP-1, a glutamine-rich (27%) region at residues 125-246.
The COOH-terminal halves of the two proteins share long
stretches of identity (49% identical over 684 residues).

The mRNA for SREBP-2, like that for SREBP-1 (5), is
expressed in a wide variety of human tissues as revealed by
Northern blots (Fig. 2A). In most tissues the predominant
mRNA is 5.2 kb long, corresponding to pXH-11. A less
abundant mRNA of =4.2 kb is also seen. We believe that this
corresponds to pXH-4 and represents the use of an upstream
polyadenylylation signal. The mRNA is also expressed
widely in human fetal tissues, as shown in the five lanes at the
right of Fig. 2A.

The sequence of pXH-4 was inserted into an expression
plasmid under control of the cytomegalovirus (CMV) pro-
moter and introduced into human 293 cells by transfection.
Cell extracts were subjected to SDS/polyacrylamide gel
electrophoresis and immunoblotting with an anti-peptide
antibody directed against SREBP-2. The cells produced a
protein of =120 kDa (Fig. 2B), consistent with the predicted
molecular weight of SREBP-2, which is 123,665.

In the LDL receptor promoter the SRE-1 is contained
within a 16-bp sequence designated repeat 2 that is immedi-
ately followed by a related 16-bp sequence designated repeat
3 (1-3). Repeat 3 does not bind SREBP but contains a binding
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FiG.3. DNA-binding activity of recombinant bHLH-Zip domain
of SREBP-2. Aliquots (2 ug) of the purified recombinant bHLH-ZIP
domain of SREBP-2 were incubated in a gel mobility-shift assay
(Experimental Procedures and ref. 5) for 20 min at room temperature
with the indicated wild-type or mutant 32P-labeled, PCR-derived
DNA probe (94 bp). Each probe (4 X 104 cpm per reaction mixture)
contained two copies of repeats 2 and 3 with the indicated point
mutation in each copy of repeat 2 (4, 5). After electrophoresis, the gel
was exposed to Kodak XAR film for 1 hr at —80°C with an
intensifying screen. The SRE-1 sequence within repeat 2 is boxed.
Lower and upper arrows denote protein bound to one or two copies
of SRE-1, respectively (4).

site for another transcription factor, Spl (2, 12). High-level
transcription requires repeats 2 and 3. To test the binding
activity of SREBP-2, we inserted a portion of the cDNA
encoding the bHLH-Zip region into an E. coli expression
vector. The protein was produced with an NH,-terminal
extension of six histidine residues that permitted isolation on
a Ni2*-agarose column. The purified protein gave a retarded
band when incubated with a 32P-labeled oligonucleotide con-
taining two tandem copies of repeats 2 and 3 (Fig. 3). Binding
was markedly reduced or abolished when any one of the
nucleotides in the SRE-1 was subjected to transversion
mutation with the exception of the C at position 6, which is
the only one of the SRE-1 mutants that is actively transcribed
in vivo (2). A small amount of binding was observed when the
A at position 4 was mutated to a T. This sequence gives rise
to low but detectable transcription in vivo (2). Mutations in
the repeat 2 sequences flanking SRE-1 had no effect on
SREBP-2 binding.

40 A. Plasmid K - | B. Plasmid X-
wt SRE-1 Mutant SRE-1
(C10 =>A)
30
Sterols
20 -
A +

"
o

pCMV7 pSREBP-2 pSREBP-1a pCMV7 pSREBP-2 pSREBP-1a
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To test the activity of SREBP-2 on gene transcription, we
used a mammalian expression vector that produces SREBP-2
driven by the CMV promoter (see Fig. 2B) and a similar
vector that produces SREBP-1a (5). These constructs, or a
control pCMV vector, were introduced into human 293 cells
together with plasmids containing a CAT transcription re-
porter gene driven by promoters that contain SRE-1. When
transfected together with pCMV, plasmid K, which contains
two tandem copies of repeats 2 and 3 (2), was transcribed in
the absence of sterols and repressed by sterols (Fig. 4A).
Cotransfection with either pPSREBP-2 or pSREBP-1a mark-
edly enhanced transcription in the absence and presence of
sterols, abolishing sterol suppression. This stimulation was
not observed with plasmid X, which contains a point muta-
tion that inactivates the SRE-1 (Fig. 4B). The promoters for
HMG-CoA synthase (Fig. 4C) and the LDL receptor (Fig.
4D) were also stimulated by pSREBP-2 to a similar extent as
PSREBP-1a. There was no significant stimulation of the
promoter for HMG-CoA reductase, which does not contain
SRE-1 (Fig. 4E).

The data of Fig. 4 suggest that SREBP-2 and -la act
similarly in stimulating transcription driven by promoters
that contain SRE-1. To determine whether the effects were
additive, we performed a titration experiment (Fig. 5). Hu-
man 293 cells were cotransfected with Plasmid K plus in-
creasing concentrations of pSREBP-2 alone or together with
a fixed amount (0.02 ug) of pPSREBP-1a. As a blank value for
the CAT assays, we subtracted the activity observed in the
absence of either SREBP, and therefore the data represent
the SREBP-stimulated transcription activity. The dashed line
in Fig. 5 indicates the CAT activity to be expected if the
actions of SREBP-1a and -2 were additive. In the absence of
sterols, increasing amounts pSREBP-2 gave a nearly linear
increase of CAT activity up to 100 nmol'min—'mg~! (Fig. 54,
®). pSREBP-1a by itself increased CAT activity by 40
nmol'min~—1-mg~1. In the presence of SREBP-1a, the further
addition of pSREBP-2 in amounts up to 0.2 ug gave an
additive effect, reaching a plateau at 80 nmol'min—1-mg~1(a).
Increasing pSREBP-2 above this level did not produce a
further increase in CAT activity. Similar results were ob-
tained in the presence of sterols (Fig. 5B).

DISCUSSION

The current data reveal the primary structure and activity
profile of SREBP-2, the second member of a family of

FiG. 4. Effect of SREBP-2 and -1a on transcrip-
tion as shown by CAT reporter assays in trans-
fected 293 cells. Cells were cotransfected with 0.3
ug of the indicated plasmid and 1 ug of a reporter
CAT gene driven by one of the following promoter
elements: synthetic sequence containing two tan-
dem copies of repeats 2 and 3 with wild-type SRE-1
(plasmid K) (4); mutant sequence containing two
tandem copies of repeats 2 and 3 with point muta-
tion in each SRE-1 (plasmid X) (B); native HMG-
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E. HMG CoA Reductase
(=277 to +231)

CoA synthase, nucleotides —527 to +39 (plasmid J)
(C); native LDL receptor, nucleotides —1471 to
+36 (p1471) (D); or native HMG-CoA reductase,
nucleotides —277 to +231 (pRedCAT-1) (E). After
incubation for 40 hr in the absence (filled bars) or
presence (hatched bars) of cholesterol (10 ug/ml)
plus 25-hydroxycholesterol (1 ug/ml), duplicate
dishes of cells were harvested for measurement of
CAT activity. The absolute values for the control
pCMV7-transfected cells in A-D are shown above
the bars. All data are from the same transfection
experiment.
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F1G. 5. Additivity of pSREBP-2 and -1a on transcription of LDL
receptor promoter—CAT reporter gene in transfected 293 cells. Cells
were cotransfected with the indicated amount of pSREBP-2 in the
absence (@) or presence (a) of 0.02 ug of pPSREBP-1a and 1 ug of a
reporter CAT gene containing two tandem copies of repeats 2 and 3
(plasmid K). After incubation for 40 hr in the absence (A) or presence
(B) of cholesterol (10 ug/ml) plus 25-hydroxycholesterol (1 ug/ml),
duplicate dishes of cells were harvested for measurement of CAT
activity. Assays were carried out under conditions (0.25 ug of extract
protein; 12 min at 37°C) in which <20% of the [**C]chloramphenicol
had been converted to butyrylated products. A blank value from cells
cotransfected with the reporter CAT gene and pCMYV (vector con-
trol) was subtracted from each value in A (9.7 nmol'min—1-mg—1) and
B (2.6 nmol'min—1mg~1). Dotted line denotes the expected sum of
CAT activity generated by pSREBP-2 plus pSREBP-1a.

SREBPs. The sequence and biologic activities of this protein
resemble those of SREBP-1a, the previously described mem-
ber of this family (5). The reason for the existence of two
SREBPs is not yet clear. Both proteins are likely to be
expressed in the same cells, as evidenced by the observations
that mRNAs for SREBP-1a and 2 are present in the same
tissues and that both proteins were purified and their cDNAs
cloned from HeLa cells.

bHLH proteins, with or without leucine zippers, usually
act by forming homo- or heterodimers (10, 13). We have
preliminary evidence that SREBP-1a can form homodimers
and higher-order homomultimers (unpublished data). To
date, we have not examined potential interactions between
SREBP-1a and -2. Each is able to bind DNA independently,
as revealed by gel retardation assays using recombinant
proteins prepared in E. coli or translated in reticulocyte
lysates (ref. 5; unpublished data). Moreover, each indepen-
dently stimulates transcription from SRE-1-containing pro-
moters in transfected cells. The latter conclusion must be
tempered because we cannot rule out the formal possibility
that the active species is a heterodimer between the protein
produced by the transfected cDNA and an endogenous
partner.

When transfected together at low concentrations, pSREBP-
la and -2 produce additive effects on transcription as indicated
by CAT assays (Fig. 5). At higher concentrations a plateau is
reached, and additivity is no longer apparent. The simplest
explanation is that each protein is capable of binding to SRE-1
and activating transcription independently, and that the SRE-1
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eventually becomes saturated with one or the other SREBP,
limiting any further increase. Whether transfected separately
or together, SREBP-1a and SREBP-2 abolish sterol suppres-
sion.

The one striking difference between SREBP-2 and -1a is
the glutamine-rich region in the former. Glutamine-rich re-
gions are reported to activate transcription, presumably by
interacting with coactivator proteins (14). Both SREBP-1a
and SREBP-2 have acidic NH, termini, which are likely to be
transcriptional activating domains. It is possible that the
additional glutamine-rich domain in SREBP-2 allows it to
interact with an additional coactivator and thereby to pro-
duce effects that are different from those of SREBP-1a.
Although these differences were not apparent in the current
study, our experiments were conducted under highly artifi-
cial conditions.

The mechanism by which sterols reduce the activities of
SREBP-1 and -2 remains obscure. We hypothesize that this
control is abolished in transfected cells because some com-
ponent of the regulatory machinery is overwhelmed by the
large amount of SREBP that is produced.
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